Previous studies have not elucidated the molecular sion was constructed using lacUV5 promoter sequence extending only to ϩ1, the transcription start site, so as mechanisms linking dksA and these phenotypes.
Two results prompted us to examine the effects of to create a reporter making the exact same transcript as the rrnB P1-lacZ fusion. ␤-galactosidase activity from deletion of the dksA gene on regulation of rRNA promoter activity. First, complex amino acid polyauxotrothis fusion increased little, if at all, in the ⌬dksA strain ( Figure 1C) . Thus, the effect of the ⌬dksA mutation is phies are characteristic of strains unable to synthesize ppGpp (⌬relA⌬spoT) (Xiao et al., 1991) , and dksA mupromoter specific. Total RNA levels include the cumulative effects of tants also have complex amino acid requirements for maximal growth (Kang and Craig, 1990; Webb et al., synthesis, processing, and decay of RNA, and stable RNA (rRNA and tRNA) makes up greater than 95% of 1999; see Discussion). Second, Tn5 insertions in the dksA gene were the most frequent mutants obtained the total RNA in the cell. Thus, RNA:protein ratios are indicative of bulk rRNA and tRNA expression. RNA:profollowing mutagenesis of the E. coli chromosome and screening for specific increases in rRNA promoter activtein ratios were measured in the wild-type and ⌬dksA strains in order to confirm both that the increase in rRNA ity (J. Lemke, B.J.P., and R.L.G., unpublished data).
We demonstrate here not only that dksA is essential promoter activity observed with the lacZ fusions in the ⌬dksA strain reflected an increase in rRNA output and for regulation of rRNA promoters in vivo, but also that purified DksA binds to RNAP in vitro, increases the rate also that most or all of the rRNA operons were affected by loss of dksA. As observed with the rRNA promoterof open complex decay at all promoters tested, and specifically inhibits transcription from rRNA promoters.
lacZ fusions, RNA:protein ratios were dramatically increased at low growth rates, and rRNA growth rate deWe propose that DksA is needed to alter the kinetics of rRNA promoters so that they can be affected by the pendence was abolished in the ⌬dksA strain ( Figure 1D ). These results suggest that DksA affects the activities changes in NTP and ppGpp concentrations that occur in vivo. Our results, in conjunction with the high-resoluof most or all rRNA promoters. tion structure of DksA presented in the accompanying report (Perederina et al., 2004 
[this issue of Cell]), dem-

Loss of the DksA Protein Is Responsible onstrate that DksA is a crucial component of the tran-
for the Effect of the ⌬dksA scription initiation machinery and, more generally, illusMutation on rRNA Expression trate how a small protein can potentiate regulation of The dksA gene is located at about 3.5 min on the E. coli specific promoters by small molecules that interact with chromosome (Kang and Craig, 1990) , just downstream all transcription complexes. from sfsA and upstream of yadB. Complementation assays were used to determine whether the loss of dksA, rather than an indirect effect on the flanking genes, was Results responsible for the increased rrnB P1 promoter activity and reduced growth in minimal medium observed in rRNA Promoter Activity Increases in ⌬dksA the ⌬dksA strain. Plasmids expressing native DksA or Mutants during Steady-State Growth a histidine-tagged version of DksA (HisDksA) eliminated The effect of DksA on rRNA promoter activity in vivo was overexpression from rrnB P1 completely and restored determined by comparing activities of rrnB P1 promoterwild-type growth (Table 1) , while plasmids expressing lacZ fusions in wild-type and ⌬dksA strains grown in a the upstream or downstream gene products were unvariety of different media. In the wild-type strain, rRNA able to do so. These results indicate that the phenotypes promoter activity increased with growth rate ( Figure 1A) . of the ⌬dksA strain result from loss of the DksA protein, This characteristic growth rate-dependent regulation consistent with the results reported below obtained (Schaechter et al., 1958) was completely abolished in in vitro with purified HisDksA. the mutant strain. Differences in promoter activity between the wild-type and mutant strains were observed under all conditions but were especially dramatic at the Changing Levels of iNTPs and ppGpp Are Not Responsible for Increased rRNA Promoter lowest growth rates (e.g., there was a 7-fold increase when comparing the ⌬dksA and wild-type strains at Activity in the ⌬dksA Strain To determine whether changes in the concentrations of the same growth rate or a 6-fold increase in the same medium; Figure 1B) . Similar results were also obtained ppGpp and NTPs were responsible for the loss of rRNA transcription regulation observed in the ⌬dksA strain, for rrnD P1-lacZ and rrnB P2-lacZ fusions and for rrnB P1 promoter-lacZ fusions with a variety of upstream these regulators were measured. The ppGpp concentration increased ‫-5.3ف‬fold in the ⌬dksA strain (consistent endpoints (Ϫ46, Ϫ61, and Ϫ152; data not shown). Promoter activities were also assayed by primer extension with a previous report; Brown et al., 2002) , the ATP concentration decreased by ‫,%04ف‬ while the GTP conwith similar results (data not shown; see also below). Not surprisingly considering these effects on rRNA promoter centration decreased ‫%01ف‬ (Supplemental Table S1 at http://www.cell.com/cgi/content/full/118/3/311/DC1). activity, the ⌬dksA mutant was most impaired at slow growth rates, where a negative regulator of rRNA tranThese changes could not account for the observed increase in rRNA promoter activity since increased conscription would be most needed to prevent overinvestment of the cell's energy in ribosome synthesis.
centrations of the negative effector, ppGpp, would be Schneider and Gourse, 2003) . rRNA overexpression in the ⌬dksA strain apparently overtaxes lanes 1-6). A completely unrelated histidine-tagged protein used as a control, thymidine kinase (HisTdk), had the ability of the feedback system to maintain homeostasis.
no effect on rrnB P1 activity ( Figure 3A, Figure 2F; i.e., rrnB P1 was inhibited less tion of rRNA promoters in a ⌬dksA strain. Under the than 2-fold in the mutant strain at 15 min, even though solution and template conditions present in cells, DksA ppGpp concentrations were greater at this time than at might be needed to alter the kinetics of rRNA promoters 8 min in the wild-type strain when virtually complete so that they can be affected by changes in the conceninhibition of promoter activity was observed).
trations of NTPs and ppGpp. Since DksA is needed to We conclude that in the ⌬dksA strain, rrnB P1 is unpotentiate regulation of rRNA promoters in vivo, we preable to respond to the changes in ppGpp and the iNTP dicted that the magnitude of the effects of ppGpp and levels that normally regulate rRNA transcription.
iNTPs observed in vitro might be amplified by the presence of DksA. ppGpp inhibited rrnB P1 promoter activity ‫-2ف‬fold . Promoters in lanes 1-3, unregulated mutant promoter rrnB P1(dis) (Ϫ66 to ϩ9; pRLG6120); lanes 4-6, lacUV5 (Ϫ46 to ϩ1; pRLG3422); lanes 7-10, wildtype rrnB P1 (Ϫ152 to ϩ1; pRLG5943). Since DksA is not a DNA binding protein (see below) and since sequences upstream of the core promoter were not required to observe effects of dksA in vivo (Figure 1) , the promoter endpoint used in these in vitro transcription assays is not crucial for the conclusion derived from the results (data not shown). rrn P1 promoters were chosen that contained the UP element to increase signal strength. Plasmid-encoded rna 1 transcript is indicated. Less than 200 nM DksA was sufficient for inhibition of rrnB P1 promoter activity in each of three assays. Table S2 online.
(10 g/ml) was added, samples were removed at the indicated times and filtered, and open complexes were quantified as described previously. ␤-Galactosidase Assays and RNA:Protein Ratios monolysogens carrying promoter-lacZ fusions were grown at 30ЊC for ‫4ف‬ generations in the media indicated in the figure legends. M9-Coimmobilization Assays Metal-affinity resin (Talon, Clontech) was loaded onto 10 ml Polybased media contained 0.4% carbon source, 0.4% casamino acids with 40 g/ml tryptophan, or 40 g/ml of individual amino acids. At prep columns (Bio-Rad) and washed with 40 bed volumes of 40 mM
